• Key message Intensive measurements of basic specific gravity and relative water content of lumens show that within-stem variations strongly depend on species and cannot be summarised through the typical patterns
reported in the literature; breast height measurements are not always representative of the whole stem.
• Context Knowledge of the distribution of wood properties within the tree is essential for understanding tree physiology as well as for biomass estimations and for assessing the quality of wood products.
• Aims The radial and vertical variations of basic specific gravity (BSG) and relative water content of lumens (RWC L ) were studied for five species: Quercus petraea/robur, Fagus sylvatica, Acer pseudoplatanus, Abies alba and Pseudotsuga menziesii. The observations were compared with typical patterns of variations reported in the literature.
• Methods Wood discs were sampled regularly along tree stems and X-rayed in their fresh and oven-dry states.
• Results At breast height, BSG was found to clearly increase radially (pith to bark) for two species and to decrease for one species. For F. sylvatica and A. alba, the radial variations of BSG were rather U-shaped, with in particular inner wood areas showing respectively lower and higher BSG than the corresponding mature wood. RWC L increased generally from inner to outer area but wet sapwood was clearly distinguishable only for the coniferous species. Vertical variations of BSG and RWC L were strongly dependant on the species with usually non-linear patterns.
• Conclusion The observed variations of BSG were only partially in agreement with the reported typical radial patterns. Despite the vertical variations, the mean BSG of a cross-section at breast height appeared to be a good estimator of the mean BSG of the whole stem (although the difference was statistically significant for coniferous species), whereas breast height measurement of RWC L was not representative of the whole stem.
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Introduction
Ontogeny and environmental growth conditions are the main sources of heterogeneity of wood properties within stems and between trees of the same species. Moreover, different species have different ecological strategies related to their anatomical structure, architectural characteristics and environment. For instance, successional status and shadetolerance are species-specific characteristics that are known to affect the patterns of within-stem variations of wood specific gravity (Woodcock and Shier 2002) .
Most of the time the variations of wood properties are studied at breast height from increment cores, mainly for practical reasons. By means of a more intensive sampling along the stem and by using X-ray computed tomography for analysing the sample discs, it is possible to access relatively easily radial, azimuthal and vertical variations within stem of some wood properties related to wood specific gravity and/or water content (Longuetaud et al. 2016) . (Longuetaud et al. 2016) showed that among the studied variables, two were statistically independent and thus were suitable to be used as complementary traits for characterising species: basic specific gravity (BSG), which is the ratio of oven-dry weight to green volume relative to the density of water, and relative water content of lumens (RWC L ), which is the proportion of the cell voids occupied by water.
BSG is a property inherent to the wood material, whereas RWC L varies with time and is particularly interesting when it is studied in the living tree. BSG is a key variable that is used as an indicator of wood quality and for biomass estimations. BSG is related to some mechanical and hydraulic functions (Hacke et al. 2001; Chave et al. 2009 ) while some other mechanical (Larjavaara and Muller-Landau 2010) and hydraulic (Zanne et al. 2010 ) functions do not depend on wood density. RWC L is mainly related to hydraulic functioning of the tree because it describes the amount of stored water potentially available to buffer the fluctuations of water potential in the tissue and it is thus related to the capacitance function of the tree. However, RWC L does not provide information about the actual accessibility of this water for the tree nor the kinetics of its withdrawal as a function of the change in water potential. It gives a fixed information about the volume of water stored in the cell voids including vessel or tracheid lumens, parenchyma cells, fibre lumens and intercellular spaces.
Radial variations of wood properties (among others: cell size, specific gravity, microfibril angle, modulus of elasticity, spiral grain angle, specific conductivity) have been widely studied (e.g. Zobel and Sprague 1998; Woodcock and Shier 2002; Lachenbruch et al. 2011; Plourde et al. 2015) and typical radial patterns (TRP) of variations of functional or material properties of wood have been reported (Lachenbruch et al. 2011) . However, some radial trends may be strongly modified by changing growth conditions for the same species (McLean et al. 2011) .
In tropical forests, radial variations of BSG are often assumed to be related to an inter-specific trade-off between growth and risk of damage or death of the trees (King et al. 2006; Osazuwa-Peters et al. 2014) . Trying to analyse the functional relevance of observed radial patterns beyond the mean values of both tropical and temperate tree species, Woodcock and Shier (2002) (Osunkoya et al. 2007; Schüller et al. 2013; Hietz et al. 2013; Plourde et al. 2015; Bastin et al. 2015) . The relatively high number of recent studies is due to the importance of studying BSG variations for biomass estimations. Early-successional species grow faster at the beginning of their life with a wood of low specific gravity and later they tend to produce denser wood. These species are generally known to be less resistant to attacks by pests and pathogens and to damage caused by their direct environment (e.g. falling woody materials) and have also higher mortality rate than species having high specific gravity wood (King et al. 2006; Osunkoya et al. 2007; Chave et al. 2009 ). For temperate tree species, the relationship between BSG radial pattern and shade-tolerance or species successional status is not always clear (Wiemann and Williamson 1989) , but this relationship has been much less studied than for tropical species.
In comparison with specific gravity, the radial variations of wood water content have been even less studied. The differences in water content of heartwood and sapwood have been analysed on several species by Fromm et al. (2001) and Gartner et al. (2004) , showing generally larger differences in softwood species than in hardwood species. The hydraulic conductivity of the xylem has been analysed in several studies aiming to determine the depth of conducting sapwood. Gebauer et al. (2008) observed a considerable variation in conductive sapwood depth at breast height among several broadleaved species. The relative water content (RWC) of wood (Domec and Gartner 2002; Bouffier et al. 2003; Meinzer et al. 2003; Scholz et al. 2007) , which is the ratio of the amount of water in wood to the maximal amount of water that can be contained in fully saturated wood, has been seldom studied. RWC is in general used to estimate the hydraulic capacitance of wood in order to assess the use of water stored in the tissue. In previous study (Longuetaud et al. 2016) , we suggested the use of RWC L rather than RWC, by removing from the computation of the water available for buffering the fluctuations in water potential the water bound in the cell walls that cannot be withdrawn from the tissue. Use of RWC may indeed introduce an important bias in particular when comparing capacitance of species or wood types (earlywood vs latewood) with contrasted densities.
The vertical variations of wood properties are less studied than the radial variations because data are much more complicated and costly to obtain. According to Zobel et al. (1989) , for the species showing a great difference of some wood properties between juvenile and mature wood, it is automatic that a variation with height will be observed for these properties due to the variation with height of the proportion of juvenile wood which increases from the base to the top of the tree. Following the same idea, it is clear that the variations of BSG with height are related to the vertical changes in the proportion of juvenile wood (corewood), growth ring width and cambial age (i.e. some variables known to have an effect on BSG), whereas vertical changes in the proportion of sapwood can probably better explain the water content variations. However, it is important to point out that some variations with height of specific gravity, for example, were also observed within corewood and outerwood when these two stem areas were considered separately (Gilmore and Pearson 1969; Megraw, 1985 , in Zobel et al. 1989 . It is important to quantify these variations with height in order to assess the representativeness of breast height measurements that are widely used (e.g. Nogueira et al. 2008) . This is a key issue considering that the very large majority of wood property measurements are issued from breast height samples, in particular for large scale biomass, carbon stock and carbon flux estimations (Wiemann et al. 2014) .
In this work, the within-stem variations of BSG and RWC L measured by X-ray imaging were studied for three hardwood species (Quercus sp., Fagus sylvatica and Acer pseudoplatanus) and two softwood species (Abies alba and Pseudotsuga menziesii). Three contrasted anatomical patterns (ring-porous, diffuse-porous and softwood) and a wide range of shade-tolerances (Niinemets and Valladares 2006) were represented (Table 1) . The methodology based on Xray measurements on discs is detailed in (Longuetaud et al. 2016) . The dataset collected for this study concerns more than 1200 discs representing a total of 113 trees. The main questions that were addressed in this work are:
• Are our data in agreement with the theories/ models/patterns of wood density radial variations found in the literature? • Are breast height measurements representative of the whole stem? • To what extent are vertical variations of BSG and RWC L a consequence of radial variations? 
Experimental material
The biological material was already used in a previous paper by Longuetaud et al. (2016) which focused on the description of a method for mapping wood properties within-stems by using X-ray computed tomography. Five temperate species growing in France were sampled: three hardwoods (Quercus petraea/robur, Fagus sylvatica and Acer pseudoplatanus) and two softwoods (A. alba and P. menziesii). Quercus species could be either Q. petraea or Q. robur since the two species were not differentiated in the field. F. sylvatica and A. pseudoplatanus trees were sampled in February 2009 within an even-aged mixed-stand located in Montiers Forest (48.54 N, 5.30 E) . Q. petraea/robur trees were sampled in February 2010 within a pure high-forest located in Amance (48.76 N, 6.33 E) . A. alba trees were sampled in April 2014 within two even-aged mixed-stands of A. alba and Picea abies located in Mont- 6 .31 E) and in 4.07 E) . Pseudotsuga menziesii trees were sampled in March 2015 within a 20-year-old plantation in Quartier Forest (46.149 N, 2 .767 E) and a 43-year-old plantation in Le Grison Forest (46.662 N, 4.736 E) . All the trees were sampled in winter or at the beginning of spring and had not started their annual growth when they were harvested.
Three anatomical patterns were represented: softwood pattern with tracheids (A. alba and P. menziesii), diffuseporous pattern (F. sylvatica and A. pseudoplatanus) and ring-porous pattern (Q. petraea/robur).
Considering the high correlation existing between shade tolerance and successional status of species, we used the shade tolerance scores provided by Niinemets and Valladares (2006) as a proxy for the successional status of the studied species (Table 1) . For instance, F. sylvatica and A. alba are shade-tolerant species, although they have very different anatomical structures, and are also well-known to be late-successional species of our European temperate forests. At the opposite, Q. petraea/robur and P. menziesii are rather shade-intolerant, whereas A. pseudoplatanus is intermediate.
Diameter at breast height (DBH), height of the first living branch for hardwood species, height of the first living whorl for softwood species and total tree height were measured.
Wood discs were sampled along stems: every 2 m from the ground for Q. petraea/robur, F. sylvatica and A. pseudoplatanus; with the distance between discs ranging from 1 to 2 m for A. alba and P. menziesii. The discs were 5 to 10 cm thick. A radial saw cut was made on each disc to avoid drying checks. The radial cut was made at the same azimuthal position for all the discs of a given tree. Table 2 gives the characteristics of the sampled trees. For this study, two A. alba trees (MT 3 and MT 6 with diameters at breast height of 6.7 and 6.4 cm, respectively) were removed from the sampling since they were too small to allow the data processing described hereafter.
For all species except Q. petraea/robur three diameter classes were considered (Table 3 ). For P. menziesii, the tree diameters were significantly higher in the 43-year-old plantation (mean DBH = 34 cm) than in the 20-year-old plantation (mean DBH = 19 cm), which means that it was not possible to distinguish between age and size effects. On the contrary, for the other species there was no difference in tree age between the diameter classes of a given species (assessed statistically with ANOVAs).
CT scanning and image processing
The discs were scanned twice. A first scan was performed after less than one week of storage in a plastic bag inside a cold room after harvesting. We assumed that, in the middle of the discs, the moisture content of wood was still representative of what it was in the standing tree. The second scan was performed in the oven-dry state, after 24 h of drying at 105 • and the observation of a constant weight. The CT scanner settings and the method for processing the images are described in Longuetaud et al. (2016) . As a result of the image processing, the discs were divided into tangential bands of mean width equal to one centimetre in the fresh state (the remaining area near the pith being larger than one centimetre to complete the radius), as it is illustrated in Fig. 1 . The width of the tangential bands in the dry state was computed by taking into account the shrinkage.
The advantage of this method in comparison with more classical radial sampling (e.g. increment cores or radial strips) is that each tangential band integrates the azimuthal variations at the disc level, which are potentially important depending on the growth conditions (Osazuwa-Peters et al. 2014) . Another advantage of this destructive sampling is that we are sure to analyse the radial variations from the pith to the bark, which is often challenging with increment cores sampled directly in standing trees.
Computation of BSG and RWC L
The present paper focuses on two properties, basic specific gravity (BSG) and relative water content of lumens Fig. 1 Division of the discs into 1-cm-thick tangential bands and into inner, middle and outer areas (RWC L ), whose calculations from CT images are detailed in Longuetaud et al. (2016) . Both properties were computed for each tangential band of each disc.
BSG is the ratio of oven-dry weight over volume in the fresh state (1). The computation was done assuming that the longitudinal shrinkage was insignificant.
where V g is the volume at green state, W 0 is the weights at oven-dry state and ρ water is the density of water. RWC L is the proportion of the lumen volume that is occupied by free water (2). This computation assumes a constant density of cell-walls of 1500 kg · m −3 and a moisture content at fibre saturation point (i.e. the point at which all water is bound in the cell walls and the lumens are empty) of 30%.
where W water,g , W water,F SP and W water,sat are respectively the weight of water in the green state, at fiber saturation point and at full saturation.
To calculate the disc averages, the volumes and weights of the tangential bands were summed and substituted into Eqs. 1 and 2. The stem averages were calculated in the same way by summing the volumes and weights of truncated cones centered on each disc (Longuetaud et al. 2016 ).
Statistical analysis
To facilitate the comparison of our results with the literature, the average values of three radial areas (inside, middle and outside) were computed for each disc at 1.3 m height for A. alba and P. menziesii, at 2 m height for F. sylvatica, A. pseudoplatanus and Q. petraea/robur: the inside area value was obtained by averaging the two innermost bands, the outside area value by averaging the two outermost bands and the middle area value by averaging the remaining bands ( Fig. 1) . Since the bands were 1 cm width in average, the resulting data should be comparable to those of Woodcock and Shier (2002) , Woodcock and Shier (2003) and Plourde et al. (2015) who measured specific gravity on 2-cm core segments and evaluated radial variations using the inside segment, outside segment and average of all other segments. Inner and outer wood areas were also based on 2-cm core segments in Bastin et al. (2015) .
Variations with height were analysed in the same manner by dividing the stem in four vertical sections: (A) ground level (below 30 cm height), (B) bottom of the stem (1.3 m height for A. alba and P. menziesii, 2 m height for F. sylvatica, A. pseudoplatanus and Q. petraea/robur), (C) remaining stem section up to crown base height, (D) inside the live crown.
Pairwise comparisons between groups (radial areas or vertical sections) were done with paired Student's t test adjusted using Bonferroni correction for multiple comparisons (pairwise t test).
To complete the information given by the above analyses, radial and vertical curves of variations per tree and the corresponding trends obtained by LOESS smoothing are given in Appendices A and B.
Results

Radial variations
The radial variations of BSG and RWC L observed at 1.3 m height for A. alba and P. menziesii or at 2 m height for the other species are summarised in Fig. 2 .
Basic specific gravity
An overall radial increase in BSG from pith to bark was observed for F. sylvatica, A. pseudoplatanus and P. menziesii (with differences in BSG from inner to outer areas of respectively +0.017, p = 0.001, +0.044, p < 0.001 and +0.065, p < 0.001), whereas radial decreases were observed for Q. petraea/robur and A. alba (respectively −0.075, p = 0.107 and -0.023, p = 0.010).
For P. menziesii, A. pseudoplatanus and Q. petraea/robur, the patterns of radial variations of BSG were clear (although not statistically significant for Q. petraea/robur, probably due to the small sample size for this species) and for these species no significant size effect was observed on the radial patterns (not tested for Q. petraea/robur).
Regarding the particular case of F. sylvatica, the overall radial increase in BSG from pith to bark was due to the inside area that showed statistically significant lower values than the two other. However, for this species, a size effect seemed to occur (Fig. 3) . Indeed, for the smallest trees, a radial increase was observed with a statistically significant difference between the outside and inside areas (difference in BSG of +0.030, p = 0.003); for the intermediate size class, the increase was still visible between the middle and inside areas (+0.028, p = 0.005) but the beginning of decrease was observed between the middle and outside areas (−0.014, p = 0.090); this decrease at the outside part of the stem was even more visible for the biggest trees (−0.017, p = 0.014). To summarize, the corewood of F. sylvatica showed lower BSG values than the outerwood but it was not possible to conclude that an overall radial increase or decrease exists for this species due to the observation of a tree size effect.
The radial variation of BSG from pith to bark for A. alba showed an U-shaped pattern with a strong decrease between the inside and middle areas (−0.037, p < 0.001) followed by a slight increase between the middle and outer areas (+0.014, p = 0.013), which was significant for the smallest trees ( Fig. 3) and for all the trees taken together (Fig. 2) . For the medium and big trees, a strong radial decrease in BSG from pith to bark was observed due to the corewood (inside area) being significantly denser than compartments. The bracketed numbers below the whiskers indicate the actual number of trees for each box. The letters above boxplots identify the statistically significant different groups according to pairwise t tests the outerwood (middle and outside areas). For the smallest trees, the middle and outside areas were denser than for other trees. These variations were mainly due to the ring width effect: indeed, contrary to the other species, BSG at 1.30 m height for A. alba trees was significantly negatively correlated to the radial growth rate assessed through the ratio DBH/Age (r P earson = −0.55, p = 0.002).
Relative water content of lumens
Radial increases in RWC L from pith to bark were observed for all species except Q. petraea/robur (Fig. 2) . For F. sylvatica, the inside area showed relatively low values of RWC L compared with the middle and outside areas (48, 74 and 81%, respectively), whereas for A. pseudoplatanus it was the outside area which showed relatively high values compared with middle and inside areas (72, 50 and 49%, respectively). The differences in RWC L between the corewood and outerwood were the highest for P. menziesii (11% inside, 85% outside) and A. alba (44% inside and 97% outside). No significant radial variation was observed for Q. petraea/robur, which showed relatively homogeneous RWC L in the radial direction in comparison with other species. No major size effect was observed except maybe for A. alba which showed a particularly high variation of RWC L for the inside area of the biggest trees (Fig. 3) . These high variations were due to the presence of some A. alba trees showing wetwood in the inner wood area of their stem whereas the other trees had rather dry inner wood area (Appendix A).
Vertical variations
The vertical variations of BSG and RWC L observed for each species are summarised in Fig. 4 . T test paired comparisons were used to compare breast height measurements (1.30 m height) with mean values obtained on the basis of measurements done all along the stem (Table 4 ) and thus to assess the representativeness of breast height in the stem.
Basic specific gravity
For F. sylvatica and A. pseudoplatanus, the variations of BSG with height were U-shaped with the highest values observed at the bottom of the stem (0.607 for F. sylvatica and 0.505 for A. pseudoplatanus) and within the living crown (0.605 and 0.505 respectively). For A. alba and P. menziesii, BSG decreased from the stem bottom (0.408 and 0.447 respectively) to the crown base (0.333 and 0.424) and into the live crown (0.328 and 0.409). No significant vertical variation was observed for Q. petraea/robur (0.571 at the stem bottom, 0.595 within the crown).
Except for A. alba and P. menziesii, for which BSG at breast height was significantly greater than whole-stem mean BSG, the differences between breast height and whole stem measurements of BSG were not statistically significant since the vertical variations of BSG were in general relatively low (Table 4) .
Relative water content of lumens
A significant increase in RWC L was observed for F. sylvatica with height in the stem (from 67 to 86%). Although less pronounced, the opposite was observed for A. pseudoplatanus with a decrease in RWC L with height in the stem (from 57 to 50%). Q. petraea/robur was characterised by high values of RWC L at ground level (77%), whereas P. menziesii had high values at the top of the stem (72%). No clear pattern of variation was observed for A. alba.
The differences between values computed at breast height and averaged along the whole stem were significant except for A. pseudoplatanus. Mean whole-stem RWC L was significantly lower than breast height measurements for Q. petraea/robur and significantly higher for F. sylvatica, A. alba and P. menziesii (Table 4) .
Relationship between radial and vertical variations
Since the variations with height could result from radial variations, due to the proportions of the different types of wood that might change with height (e.g. proportions of corewood for BSG or sapwood for RWC L ), the variations with height were also studied within each radial area: inside, middle and outside (Fig. 5) . For BSG, the shapes of the variations with height for a given species were about the same whichever radial area was considered. Variations with height of RWC L within each radial area were more complicated to analyse. The relatively high values of RWC L observed at the ground level for Q. petraea/robur (Fig. 4) were mostly related to the middle and outside areas (Fig. 5) . The higher values of RWC L that were observed at the top of the stem for P. menziesii were only related to the middle area. The high variation of RWC L that was observed in the inside area for the biggest trees of A. alba (Fig. 3) was located mainly at the ground level. Schüller et al. 2013 ). Numerous studies, generally based on tropical tree species, report that early-successional species are characterised by fast growth associated with the production of low density wood at the beginning of the tree life, and then by the production of denser wood when the tree becomes older (Osunkoya et al. 2007; Schüller et al. 2013; Plourde et al. 2015 ). In contrast, late-successional species start with the production of dense wood and then show radial decrease in density. Woodcock and Shier (2002) , based on both tropical and temperate species, have proposed a model of radial variations of BSG with a threshold of initial BSG at about 0.55 such that: species around 0.55 would have absent or very limited radial trends; species above 0.55 would show radial decrease in density associated with late-successional characteristics; and inversely species below 0.55 would show radial increase in density associated with early-successional characteristics. According to Woodcock and Shier (2002) , this pattern would be valid both for hardwood and softwood species but with a lower threshold at around 0.40 for softwoods. Plourde et al. (2015) have proposed slightly different thresholds with a radial increase for species below 0.5 in BSG and a decrease for species above 0.7. Mainly based on softwood species, Lachenbruch et al. (2011) have proposed a typical radial pattern (TRP) with a lower specific gravity in the corewood than in the outerwood. In contrast to Woodcock and Shier (2002) , who distinguished two patterns of radial variation for softwoods (increasing BSG vs. decreasing BSG), the TRP retains only one main pattern (increasing BSG). Lastly, the relationship between wood density and the successional status of a species was also observed by Poorter (2008) who reported that the cell-wall fraction, proportional to BSG (Longuetaud et al. 2016) , decreases with the light requirement of the species.
Discussion
Comparison between our data and the theories/models/patterns of wood density radial variations proposed in the literature
A possible functional interpretation of the radial patterns was proposed by Lachenbruch et al. (2011) . According to this hypothesis, radial trends in different wood properties are related to the modification of the plant mechanical and hydraulic needs with increase in size. To withstand wind loads for example, a small tree would rely on its deformability to avoid wind loads while a big tree with a large diameter and thus high bending resistance will resist wind loads through mechanical strength (Badel et al. 2015) . One may suppose that change in mechanical loads during the ontogeny will be different for pioneer and understorey species. While young pioneer tree will preferentially need to invest in rapid growth rather than in wood density to occupy the space and quickly achieve a high bending resistance, an understorey species in contrast may need high density to increase resistance to biotic damages (Plourde et al. 2015) and falling woody materials while growing slowly under the canopy. High wood density in juvenile trees is probably a strategy of late-successional species waiting for their turn (Woodcock and Shier 2002; Chave et al. 2009 ).
When referring to the strict definition of inner and outer wood used by Woodcock and Shier (2002) and Plourde et al. (2015) (i.e. 2-cm inner and 2-cm outer segments) and presenting the results in the same form they used (Fig. 6) , most F. sylvatica and A. pseudoplatanus trees and a majority of P. menziesii trees were characterised by a radial increase from inner to outer areas in BSG, whereas most Q. petraea/robur and A. alba trees showed a radial decrease. However, by removing the 2-cm inner segment, the radial variations of BSG were reversed for F. sylvatica and A. alba (Table 5 ). In addition, the mean inner BSG was very near the threshold of 0.4 both for A. alba and P. menziesii. Thus, referring very strictly to Woodcock and Shier (2002) , their model fitted to our data only for A. pseudoplatanus and Q. petraea/robur. But from our results (Table 5) , it appeared that existing patterns are complex and thus difficult to summarize through a model of radial variations.
For some species, it is not relevant to consider only inner and outer wood regardless of what happens in-between. For some tropical species, Osazuwa-Peters et al. (2014) have identified U-shaped patterns for wood BSG. In our case, F. sylvatica and A. alba were both characterised by contrasting values of BSG in the inner wood compared with the middle and outer areas (i.e. relatively low density for inner wood of F. sylvatica and relatively high density for inner Table 5 Synthesis of the results obtained for our five temperate tree species. The main theories/models/patterns from the literature are reviewed and assessed with our sample: "Yes" means that our data are in agreement with the theory for the specified case and "No" means that they are not Species Lower BSG in the corewood than in the outerwood. In the event that the 2-cm wide innerwood is removed, does it still make sense to talk about corewood?
6 Considering only innerwood (2-cm wide area around the pith) and outerwood (2-cm wide area at the periphery of the stem) as defined by Woodcock and Shier (2002) 7
After removing the innerwood 8
After removing the innerwood, the result is reversed wood of A. alba) resulting in U-shaped radial patterns (see Fig. 2 and Appendix A page 5). Consequently, by considering only inner and outer areas, an overall radial increase in density was observed for F. sylvatica, whereas a decrease was observed for A. alba. For these two species, the models of radial variations from the literature fitted our data only after removing the inner wood area in some cases (Table 5) . Indeed, without considering the inner wood area, we could observe a radial increase in density for A. alba and a radial decrease for F. sylvatica (although these variations were not always statistically significant and depended strongly on the size and age of trees), and therefore the theories proposed by Plourde et al. (2015) and by Lachenbruch et al. (2011) would become in agreement with our data. Hence, our results do not contradict the radial variations of BSG usually observed in softwoods, described by Lachenbruch et al. (2011) , for which, after an initial decrease for the first 5-20 growth rings (except in some Pine species), there is a rapid increase with ring number followed by a levelling off.
A. alba, a shade-tolerant species, is known to have a very slow radial growth during the first years of development. In general, for softwood species there is a negative correlation between annual ring width and wood density since it is mainly the width of the earlywood, which is less dense than latewood, that is modified (Nepveu 1994) . This could explain the particularly higher wood density of inner wood in comparison with outer wood observed for A. alba. The ring width effect could also explain the radial increase in density observed at the external part of the stem (outside area), even more obvious for small trees than for big ones, probably due to a radial decrease in ring width with cambial age.
The clear increase of BSG that we observe for P. menziesii with increasing radius is coherent with the results of Gartner et al. (2002) and Filipescu et al. (2014) . Both reported a radial increase of density with cambial age, except for the first rings near the pith, associated with a decline of ring width. Gartner et al. (2002) observed also that, from about the fifth ring, the latewood proportion (based on either ring area or ring width) increased with cambial age.
Regarding F. sylvatica, the radial decrease in BSG observed at the external part of the stem was significant only for the biggest trees in our dataset, which suggested a tree size effect. Other studies have reported a radial decrease in density for this species. For example, Bontemps et al. (2013) observed a general slow decreasing trend of mean ring specific gravity with increasing ring number when the 20 first growth rings were removed from the dataset. For this species, contradictory results were previously obtained, showing either higher or lower density in juvenile wood compared with mature wood (Nepveu 1981) , whereas, for Quercus sp., the radial decrease in BSG from pith to bark is well-known (e.g. Wassenberg et al., 2015) . Last, the relationship reported by Woodcock and Shier (2002) , Poorter (2008) and some other authors, mainly for tropical species but for some temperate species as well, between wood density and the successional status of species was not applicable for two of our five temperate species: Q. petraea/robur and A. alba. Q. petraea/robur, which had relatively high BSG above 0.55, and which was characterised by a radial decrease in density is not a late-successional species since it is rather shade-intolerant (Niinemets and Valladares 2006). In contrast, A. alba, with a BSG below 0.40 and a trend toward a radial increase in BSG, due probably to a decrease in ring width for the highest ring numbers, is a shade-tolerant species.
Representativeness of breast height measurements
For all species except Q. petraea/robur, BSG was significantly higher at the bottom of the stem (i.e. ground level) in comparison with other parts of the stem below the living crown. The difference between BSG measured at 1.30 m height and average BSG computed from the whole stem was only significant for A. alba and for P. menziesii. For both species, breast height measurements would overestimate the average whole stem BSG by 5%. For F. sylvatica, A. pseudoplatanus and A. alba, BSG showed a U-shaped pattern of variation with height and the density was approximately the same at the bottom of the stem and within the living crown. This U-shaped pattern is in accordance with the results from Repola (2006) for pine and birch. Wassenberg et al. (2015) also observed a vertical U-shaped pattern for Quercus. Previous studies have pointed out that both radial and vertical variations should be considered in order to obtain correct biomass and carbon flux estimates (Repola 2006; Nogueira et al. 2008; Bastin et al. 2015; Wassenberg et al. 2015) . Nevertheless, wood density is most of the time measured on wood increment cores taken at breast height and the results are applied to the whole tree volume assuming that wood density is homogeneous for the whole tree (i.e. within stem and branches). Wassenberg et al. (2015) have compared different sampling strategies for biomass estimation and the best sampling position for increment cores was at 1/3 of the tree height and at 2/3 of the radial distance from pith to bark. With respect to our five temperate tree species, breast height measurements of BSG were in fairly good agreement with the average whole stem BSG, which means that the biomass of stems would be correctly estimated based on breast height density measurements for these species. However, we must bear in mind that a small systematic bias can lead to significant errors in estimating biomass (and carbon stock) when working at broad scales such as a regional, national or international forest resource. Moreover, the variability of wood density is probably even greater between the stem and branches than in the stem itself and the measurements at breast height are really questioning about their representativeness at the level of the whole tree. In contrast, RWC L values measured at breast height were overall not representative of the average stem values due to a higher variability along stems than for BSG.
Relationship between vertical and radial variations
The diameter of a stem decreases with increasing height, and as a result of this stem taper, radial variations of wood properties are responsible for a part of observed vertical variations:
A property depending on the distance to the pith (e.g. varying from juvenile to mature wood) may change with height. For instance, in Fig. 7a , the grey levels lighten with the distance from the pith and the mean grey level of a disc will darken from the bottom to the top of the stem. Considering separately the inner and outer parts of each disc, the outer area darkens with increasing height while the inner area remains constant. A property depending on the distance to the cambium (e.g. varying from sapwood to heartwood) would present the map shown in Fig. 7b . If the grey levels darken from pith to bark, the mean grey level of a disc would also darken from bottom to top. The inner area darkens with increasing height and the outer area remains constant. A property depending only on height would lead to the map presented in Fig. 7c with disc average, inner area and outer area varying in the same way.
Actually, the spatial distribution of wood properties presents much more complex patterns, with a mixture of , and patterns and depending on many other variables (ring number, tree age. . . ), but most of the observed cases can be connected to one of these three patterns or to a fourth one in which there is no variation at all (pattern ). Patterns and illustrate the case of a property for which vertical variations would be partly due to radial variations. Pattern is the case of a property for which vertical variations would be independent of radial variations (which does not mean that there is no radial variation).
Vertical variations of BSG were clearly related to pattern since, whatever the species, a similar effect of height was observed for the inside, middle and outside areas. Even if it was often combined with a radial effect, we can conclude here that an independent height effect was observed.
RWC L showed contrasting patterns depending on the species: F. sylvatica, A. alba and P. menziesii were similar to pattern , with a nearly saturated area close to the bark all along the stem; A. pseudoplatanus to pattern , with a high water content area mostly in the outer area at the bottom of the stem; and Q. petraea/robur was intermediate between patterns and , with high water content areas mainly near the stump. In the last case, there was no clear radial variation; in the two other cases the vertical variations were partly due to the radial variations.
Underlying relationship between observed RWC L variations within-stem and hydraulic functions of wood (conductance and capacitance)
Water content in trees is known to vary with time. Here, we assume that RWC L measured in winter during daylight is enough stable and representative of tree species to be considered as a specific trait. Trees measured during other seasons of the year, especially during the growth season, would probably show different values and distributions of RWC L .
Except for Q. petraea/robur, the trees showed the highest RWC L at the outer part of the stem, even if the detailed patterns of variations were slightly different depending on the species. This observation was consistent with the general idea that water is mainly transported in the external part of the stem. Indeed, a high water content can be related to the presence of a conductive area, although it is also possible to have wet or fully saturated areas that are no longer conductive. Gebauer et al. (2008) showed that the conducting sapwood of diffuse-porous species (including F. sylvatica and A. pseudoplatanus) occupied 70 to 90% of the stem crosssectional area. Under the assumption that wet areas, associated with a high level of water saturation in the lumens, are related to the presence of conductive areas, our results were in agreement with those of Gebauer et al. (2008) for F. sylvatica (both middle and outside areas had high values of RWC L ) but less in agreement for A. pseudoplatanus (only the outside area had high values of RWC L ).
In contrast, ring-porous species like oak are known to conduct water in the outermost annual growth rings (Barbaroux and Bréda 2002; Lüttschwager and Remus 2007) . In our study, the water content was rather homogeneous radially for Q. petraea/robur, as previously shown by Fromm et al. (2001) . It is also possible that the width of the outside areas (2 cm in average) was too large to distinguish only a few rings (maybe only one ring in some cases) with high RWC L values. In addition, a question arises about the thickness of the sampled wood discs in relation to the length of the vessels, which could be embolised due to the cutting, especially for Quercus species. Quercus rubra is reported to have a maximum vessel length up to 1.34 m (Cochard et al. 2010) . However, only a low percentage of vessels reach such lengths, for example in Q. robur, 70% of vessels were shorter than 4 cm and only 10% of vessels were longer than 20 cm according to Cochard and Tyree (1990) .
Regarding softwood species, trees often conduct water across large cross-sections (sapwood), and heartwood is completely isolated from the water conducting network (Lüttschwager and Remus 2007) . This could explain why, for softwood species, there is often a strong contrast between the moisture content of the heartwood and sapwood (e.g. Fromm et al., 2001) , and thus explain the strong radial variations that were observed in our study for A. alba and for P. menziesii. Tracheids in softwoods have a maximum length of 5 mm (Hacke 2015) and therefore there is not a problem with possible embolized conduits due to cutting. The high variability observed for RWC L at the bottom of the stem in the inner wood area for A. alba species was due to the presence of wetwood for some trees, which is a quite common feature for this species and which seems to be related to a disease (Bauch et al. 1979; Shortle and Bauch 1986 ) and associated with acidic anaerobic bacteria (Streichan and Schink 1986) .
RWC L is quite clearly related to the capacitance function of wood since it describes the amount of stored water potentially available to buffer the fluctuations of water potential in the tissue. For softwood species, RWC L may be used as a proxy of the percentage of the embolized tracheids in the native condition (Domec and Gartner 2002) as tracheids represent up to 90% of the tissue volume (Hacke 2015) , whereas in hardwoods, the relationship with embolized conduits is more complicated because vessels represent only a small percentage of the tissue volume (Beeckman 2016) .
Conclusion
Radial and vertical variations of basic specific gravity (BSG) and relative water content of lumens (RWC L ) were analysed for five temperate tree species. BSG and RWC L were found in a previous study (Longuetaud et al. 2016) to be good candidates for the characterisation and the discrimination of species since they showed a good complementarity.
This work helps to answer the questions raised in the Introduction section:
• Data were only partially in agreement with the patterns of wood density radial variations described in the literature. The observed variations were complex, highly species dependant, and it appeared difficult to summarize our data with a typical pattern.
• Breast height measurements of BSG appeared to be a good estimator of the mean BSG of the whole stem for the three studied broadleaved species, but an overestimation of 5% was observed for softwood species. Breastheight measurements of RWC L overestimated or underestimated the whole stem, depending on the species.
• Vertical and radial variations of BSG were found independent of each other whereas vertical variations of RWC L were mostly due to radial variations.
In future work, typical early-successional temperate tree species should be studied in order to obtain a wide range of temperate successional status and to analyse the patterns of variations for these species.
The impact of breast height measurements should be better quantified within the framework of biomass and carbon stock estimations, particularly by considering the species of major interest for the resource evaluation, and by assessing their representativeness in comparison with whole tree measurements (i.e. including branch wood). Moreover, some questions should be further investigated: Why is BSG greater at the bottom of tree stems than above? Could it be more efficient for the tree stability (mechanical function of wood) or rather related to a higher risk of external damages at this height?
Further study should also associate RWC L and sap flow measurements to better understand the relationship between RW C L and hydraulic functions of wood. The Douglas fir data were issued from the long-term experimental network managed by the French data cooperative on forest growth (Gis-Coop). The UMR 1092 LERFoB is supported by a grant overseen by the French National Research Agency (ANR) as part of the "Investissements d'Avenir" program (ANR-11-LABX-0002-01, Lab of Excellence ARBRE).
Appendix A: Radial variations per tree and species and associated radial trends per species
Variations of basic specific gravity (BSG) and relative water content of lumens (RWC L ) with radius (distance to pith in mm), 
Appendix B: Vertical variations per tree and species and associated vertical trends per species
Variations of basic specific gravity (BSG) and relative water content of lumens (RW C L ) with height (m), relative height and distance to apex (m). Each point represents the average of one disc; each grey curve represents one tree; the coloured solid lines show the LOESS smoothing for each species. 
